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Ci-MRF is the sole myogenic regulatory factor (MRF) of the ascidian Ciona intestinalis, an invertebrate
chordate. In order to investigate its properties we developed a simple in vivo assay based on
misexpressing Ci-MRF in the notochord of Ciona embryos. We used this assay to examine the roles of
three structural motifs that are conserved among MRFs: an alanine–threonine (Ala–Thr) dipeptide of
the basic domain that is known in vertebrates as the myogenic code, a cysteine/histidine-rich (C/H)
domain found just N-terminal to the basic domain, and a carboxy-terminal amphipathic a-helix
referred to as Helix III. We show that the Ala–Thr dipeptide is necessary for normal Ci-MRF function,
and that while eliminating the C/H domain or Helix III individually has no demonstrable effect on
Ci-MRF, simultaneous loss of both motifs signiﬁcantly reduces its activity. Our studies also indicate that
direct interaction between CiMRF and an essential E-box of Ciona Troponin I is required for the
expression of this muscle-speciﬁc gene and that multiple classes of MRF-regulated genes exist in Ciona.
These ﬁndings are consistent with substantial conservation of MRF-directed myogenesis in chordates
and demonstrate for the ﬁrst time that the Ala/Thr dipeptide of the basic domain of an invertebrate
MRF behaves as a myogenic code.
& 2013 Elsevier Inc. All rights reserved.Introduction
Myogenic regulatory factors (MRFs) are basic helix-loop-helix
(b-hlh) transcription factors that play important roles in metazoan
muscle development (reviewed by Baylies and Michelson, 2001;
Pownall et al., 2002; Buckingham et al., 2003; Tajbakhsh, 2005;
Berkes and Tapscott, 2005; Tapscott, 2005). Vertebrates have four
MRFs with distinct but overlapping functions that are essential for
myogenesis and that are distinguished from other b-hlh transcrip-
tion factors by their ability to induce muscle in non-muscle cell
types (Weintraub et al., 1989; Rudnicki et al., 1992; Venuti et al.,
1995; Kassar-Duchossoy et al., 2004; Tapscott, 2005; Bryson-
Richardson and Currie, 2008). Invertebrates also possess MRFs that
induce myogenesis when expressed in non-muscle cells (Venuti
et al., 1991; Krause et al., 1992; Meedel et al., 2007), but differ fromll rights reserved.
ook University, Stony Brook,
iences, University of Rhode
ngineering, Tufts University,
f Monterrey, Santa Catarina,vertebrates in usually having only a single MRF. Additionally, in
some invertebrates such as Drosophila and C. elegans myogenesis
occurs in the absence of MRF activity (Chen et al., 1994;
Balagopalan et al., 2001), whereas in others such as Ciona intesti-
nalis it does not (Meedel et al., 2002, 2007). These differences are
consistent with the possibility that the roles of MRFs in myogenesis
have changed signiﬁcantly during evolution (but see Olson and
Klein, 1998; Fukushige et al., 2006).
Detailed studies of MRF structure/function relationships and
gene regulatory mechanisms in vertebrates have focused on three
conserved structural motifs: an alanine–threonine (Ala–Thr)
dipeptide of the basic region often referred to as the myogenic
code, a cysteine/histidine (C/H) rich domain just N-terminal to the
b-hlh domain, and an amphipathic a-helix near the carboxyl
terminus known as Helix III. All three motifs play important roles
in regulating muscle-speciﬁc gene activity in vertebrates. Indivi-
dually, however, their importance varies depending on the target
gene thus indicating that vertebrate MRFs regulate different
muscle genes by distinct mechanisms (Brennan et al., 1991;
Davis and Weintraub, 1992; Schwarz et al., 1992; Rawls et al.,
1995; Gerber et al., 1997; Kablar et al., 1997; Wang and Jaenisch,
1997; Bergstrom and Tapscott, 2001; de la Serna et al., 2001;
Myer et al., 2001; Berkes et al., 2004; Cao et al., 2006; Heidt et al.,
2007). Consistent with this idea, vertebrate MRFs have been
shown to bind to consensus E-box motifs of some genes and
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1990; Heidt et al., 2007), to bind non-E-box motifs (Shklover
et al., 2007), and to interact directly or even indirectly with
different muscle genes via associations with a variety of tran-
scription factors (Molkentin et al., 1995; Groisman et al., 1996;
Berkes et al., 2004; Ohkawa et al., 2006; Albini and Puri, 2010; Liu
et al., 2010; Delgado-Olguı´n et al., 2011).
Structure/function studies with vertebrates have provided
important insights into the mechanisms by which muscle gene
activity is regulated by MRFs, but invertebrate systems such as
C. intestinalis have much to offer as well. Ciona has only a single
MRF gene and smaller families of many MRF target genes (Meedel
et al., 1997; Dehal et al., 2002; Chiba et al., 2003). Thus, MRF-
regulated myogenesis in Ciona offers the advantage of simplicity
when compared to vertebrates whose multiple MRFs regulate
both common and distinct sets of genes, and that in some cases
have different roles at common gene targets (Rawls et al., 1995;
Kablar et al., 1997; Wang and Jaenisch, 1997; Bergstrom and
Tapscott, 2001; Myer et al., 2001; Cao et al., 2006). However, like
vertebrates, Ciona is a chordate that requires MRF activity for
muscle development so its analysis is likely to provide insights
relevant to understanding the properties of vertebrate MRFs.
Ciona also has a number of other features that make it ideally
suited for studying developmental gene regulatory mechanisms.
These include ease of obtaining large numbers of gametes, simple
methods of fertilization and embryo culture, rapid and synchro-
nous development that can be studied at single cell resolution,
and the availability of efﬁcient gene introduction techniques
(Corbo et al., 2001; Kumano and Nishida, 2007). We took
advantage of these attributes to carry out detailed studies of
Ci-MRF and here report the ﬁrst functional analysis of the C/H,
Helix III, and Ala–Thr motifs of an invertebrate MRF. As in
vertebrates, all three motifs were found to be necessary for
normal Ci-MRF activity. Also similar to vertebrates, our studies
identiﬁed multiple classes of MRF-regulated genes in Ciona and
provided evidence for a direct interaction between CiMRF and an
essential E-box of a muscle-speciﬁc gene. These ﬁndings extend
our understanding of the properties of conserved MRF motifs and
establish Ciona as a useful experimental system for further
exploring MRF regulatory mechanisms.Materials and methods
Plasmid construction
A vector containing approximately 3.3 kb of the cis-regulatory
region and the 50 untranslated region of the C. intestinalis
Brachyury gene (Ci-Bra) was constructed to drive Ci-MRF expres-
sion in the notochord. 3 kb of this sequence was obtained as an
XhoI/PciI fragment from the plasmid T3.5m5GFP (gift of R. Zeller);
we obtained the remaining 0.3 kb cis-regulatory region and
50 untranslated region by PCR of T3.5m5GFP using the primers
50TTTTGACATGTCAATCAAAATCGG30 and 50CGACTGCAGTATAGG-
TTTGTAACTCGCACT30. This smaller fragment was digested with
PciI and PstI and cloned into XhoI/PstI digested pSP72 (Promega)
along with the larger 3 kb XhoI/PciI fragment to create pTReg,
which in addition to containing Ci-Bra cis-regulatory sequences
contained several restriction sites of pSP72 that were suitable for
cloning. We chose this large fragment of Ci-Bra for our studies
because it has been shown to give robust and faithful expression
of reporter genes in the notochord, with only occasional mis-
expression in the mesenchyme lineage (Corbo et al., 1997).
Our studies required the use of plasmids that express full-
length Ci-MRF transcripts and since no cDNAs encoding the
50 termini of these mRNAs were available we used PCR to preparea 0.35 kb fragment from genomic DNA that encoded the 50 untrans-
lated region and N-terminal coding sequences common to both
Ci-MRF mRNAs. The primers used for PCR were 50CGATCTGC-
AGAAATCCAGCCGGTAGTTTGAC30 and 50CAACCAGACGCCATATT-
ACTGAGC30 and the resulting product was digested with PstI and
SacI and cloned into pBluescript II KS (þ) to create pCiMRF50. A
plasmid encoding full-length CiMRFa, designated pTCiMRFa, was
constructed by excising the insert of pCiMRF50 with PstI and SacI
and cloning it into PstI/BamHI digested pTReg together with a 1.5 kb
SacI/BamHI fragment from plasmid pMD6.3 that contained the
remainder of CiMRFa (Meedel et al., 1997). pTCiMRFb, encoding
full-length CiMRFb, was constructed in a similar manner by ligating
together PstI/SacI digested pCiMRF50, PstI/SalI digested pTReg and a
2.3 kb SacI/SalI fragment from plasmid pc9m3.5 that contained the
remainder of the CiMRFb coding sequence (Meedel et al., 1997).
We used the QuickChange Site-directed Mutagenesis Kit (Stra-
tagene) to introduce mutations in pMD6.3 and pc9m3.5 that
replaced the sequence encoding the alanine398–threonine399
dipeptide encoded by Ci-MRF with a sequence coding for an
asparagine dipeptide. Primers were designed using Stratagene’s
web-based PrimerDesign software for mutagenesis and were:
50ACACGACCGGCGGAGGGCAAACAATCTACGAGAGAGACGACGCC30
and 50GGCGTCGTCTCTCTCGTAGATTGTTTGCCCTCCGCCGGTCGT-
GT30. The resulting cDNA clones were sequenced to verify that
only the desired changes were incorporated, and the strategy
described above to construct pTCiMRFa and pTCiMRFb was used
to prepare misexpression plasmids pTCiMRFaNN and pTCiMRFbNN
that encoded the alanine398–threonine399 to asparagine–asparagine
mutation.
pTCiMRFaDCH and pTCiMRFbDCH are plasmids from which
Ci-MRF sequences encoding amino acids 365–385 (HYHHy..CKAC)
are deleted (this deletion corresponds to bases 1093–1155 begin-
ning with the ATG start codon of CiMRFb; Genbank accession
number U80080). Epoch Life Sciences supplied a plasmid con-
struct (pCiMRFDCH) with a 927 base pair insert spanning bases
277–1256 of CiMRFb but with bases 1093–1155 deleted and
containing an EcoRI site followed by four random bases at the 30
end to facilitate cloning. To create pTCiMRFaDCH this 927 base
pair insert was digested with SacI and AﬂII and inserted into SacI/
AﬂII digested pMd6.3. The resulting plasmid (pMd6.3DCH) was
digested with SacI and SalI and together with the PstI/SacI insert
of pCiMRF50 was cloned into PstI/SalI digested pTReg to create
pTCiMRFaDCH. pTCiMRFbDCH was constructed in a similar man-
ner, except that the insert from pBSKCiMRFDCH was excised with
SacI and BsmBI and inserted into SacI/BsmBI digested pBSCiMRFb
(created by ligating together the PstI/SacI insert of pCiMRF50, the
2.3 kb SacI/SalI insert of pc9m3.5, and PstI/SalI digested pBluescript
KS IIþ) to create pBSCiMRFbDCH. The insert of pBSCiMRFbDCH
was excised with PstI and SalI and cloned into PstI/SalI digested
pTReg to create pTCiMRFbDCH.
We constructed a negative control plasmid, pTLacZ, by sub-
cloning a 3.6 kb BamHI/BglII fragment from pSP72.127bgal (gift of
R. Zeller; Corbo et al. (1997)) into BamHI/BglII digested pTReg.
pSP72.127bgal was derived by Corbo et al. (1997) from pPD1.27
(Fire et al., 1990) and in addition to the LacZ coding region
contains an SV40 nuclear localization signal and an SV40 poly-
adenylation sequence that were also incorporated into pTLacZ.
For coelectroporation experiments two plasmids containing
regulatory sequences of the C. intestinalis TnI gene driving LacZ
expression were constructed. Ci500nZ contained wild-type TnI
regulatory sequences necessary and sufﬁcient to drive robust
expression of LacZ in the muscle lineage (Khare et al., 2011);
details of its construction have been presented previously (Khare
et al., 2011), where it was referred to as CiTnI(836/335)nZ.
A second plasmid, Ci500EboxSDMnZ, containing a mutated E-box
sequence (CAGCTG-acGCgt) was constructed from Ci500nZ by
Fig. 1. Expression of Ci-MRF in the notochord disrupts tail development.
(A) Embryos at 14 h post-fertilization electroporated as zygotes with pTLacZ.
Scale bar is 500 mm. (B) Embryos at 14 h post-fertilization electroporated as
zygotes with pTCiMRFb. Scale bar is 500 mm. (C) Diagram of Ciona intestinalis
embryo at the 64-cell stage highlighting the primary notochord and muscle
lineages, and the mesenchyme lineage. (D). Cleavage-arrested 64-cell embryo at
14 h post fertilization electroporated with pTLacZ and assayed by histochemical
methods for acetylcholinesterase (brown-stained cells), a highly speciﬁc marker of
muscle differentiation in Ciona intestinalis (Meedel and Whittaker, 1979) and
b-galactosidase (blue-stained cells). Adobe Photoshop was used to enhance image
background. Scale bar is 50 mm.
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50ATTGGTACCGTAGGTGCTTGTGAC30 (P1) and 50GATAAacGCgt-
CAGTATGACGTCAC30 (P2) as primers to make the ‘‘left’’ half of
the construct, and 50ATACTGacGCgtTTATCGCCTGAGCA30 (P3) and
50AATAGGCCTCCCTTCAGAAATCTAA30 (P4) to make the ‘‘right’’
half of the construct (the lower case bases in P2 and P3 indicate
the E box mutation that we introduced). All constructs used in
this study were conﬁrmed by sequencing.
Animals and electroporation
Adult C. intestinalis were collected from the Sandwich Marina
in Sandwich, MA and Point Judith Marina in Snug Harbor, RI. Eggs
were obtained by dissection of the oviduct, and fertilized in vitro
with sperm of several individuals. Embryos were dechorionated
immediately after fertilization using the methods described by
Mita-Miyazawa et al. (1985). After electroporation, embryos were
raised on Petri dishes coated with 1% agarose in 0.2 mm ﬁltered
seawater at 18 1C.
Misexpression plasmids were electroporated into Ciona embryos
as described in Corbo et al. (1997). Embryos were collected in
200 mL seawater and added to 600 mL 0.77 M mannitol. Approxi-
mately 25 mg of misexpression plasmid was electroporated into
embryos 25–35 min after fertilization. Beginning at the 8-cell
stage normally cleaving embryos were isolated and then treated
with cytochalasin B at a ﬁnal concentration of 1 mg/mL to arrest
cleavage at the 64-cell stage (4.25 h post-fertilization). Embryos
were ﬁxed for in situ hybridization at 11–12 h post fertilization,
when normally developing embryos reached the early tail-
formation stage. Typically, a single experiment with a given
plasmid yielded 50–200 cleavage-arrested embryos that were
suitable for in situ hybridization.
In situ hybridization and enzyme histochemistry
Embryos electroporated with a given plasmid were divided
into groups containing a minimum of 8 embryos (typically groups
consisted of 15 or more embryos; see Tables S1–S3) and subjected
to in situ hybridization using digoxigenin-labeled antisense RNA
probes essentially as described by Wada et al. (1995). Incubation
times for color development ranged from 3 to 48 h depending on
the probe. Embryos for acetylcholinesterase histochemistry were
ﬁxed for 30–40 min on ice in seawater containing 4% paraformal-
dehyde. Acetylcholinesterase activity was localized using the
method of Karnovsky and Roots (1964). Incubation times for
color development were 2–4 h at room temperature. In some
experiments, electroporation efﬁciency was evaluated by measur-
ing b-galactosidase activity in pTLacZ electroporated embryos.
Embryos for b-galactosidase histochemistry were ﬁxed for 30 min
on ice in seawater containing 1.5% paraformaldehyde, 0.1% Tween
80; they were then washed in phosphate buffered saline contain-
ing 0.1% Tween 80 and incubated in staining solution (0.04% XGal,
2 mMMgCl2, 0.06 M Na2HPO4, 0.04 M NaH2PO4, 4 mM potassium
ferrocyanide, 4 mM potassium ferricyanide, 0.1% Tween 80) at
room temperature for 1–4 h.
Analysis, statistics, and photography
An embryo was considered to be expressing a muscle gene in
the notochord if cells reacting with a given probe were observed
at two opposite poles corresponding to the primary muscle and
notochord lineages. Experiments to evaluate the effects of misex-
pressing Ci-MRF always included pTLacZ electroporated embryos
as a negative control, and experiments to evaluate mutated forms
of Ci-MRF included both pTLacZ and a positive control (pTCiMRFa
or pTCiMRFb). Chi-square analysis was used to evaluate whetherdifferences in the misexpression of muscle markers observed in
control and experimental embryos were signiﬁcant; a p-value of
less than 0.05 was considered signiﬁcant. A Mantel–Haenszel test
for repeated tests of independence was applied to each chi-square
analysis to ensure that the data from individual experiments
were sufﬁciently homogenous to be combined (Sheskin, 1997;
Ott, 1993).
Images in Fig. 1A and B and Fig. 5B and C were obtained using
a Leica MZ16 dissecting microscope with a Leica DFC 290HD
camera and were digitized with LAS V3.5 software. All other
photographs were taken using an Olympus System BHS model
microscope with a Pixelink 6.6 megapixel camera and were
digitized with Pixelink Image Capture software. All image crop-
ping and annotation was done using ImageJ software.Results
Assaying the myogenicity of Ci-MRF
In order to examine the properties of Ci-MRF, we developed an
assay that uses cis-regulatory sequences of the Brachyury gene to
drive expression of plasmids encoding synthetic and naturally
occurring variants of Ci-MRF proteins in the notochord of develop-
ing embryos. An important feature of this assay is that electro-
porated embryos are obtained in sufﬁcient numbers to allow us to
identify by statistical analysis Ci-MRF variants that have relatively
subtle differences in myogenic activity.
The ﬁrst two plasmids tested, pTCiMRFa and pTCiMRFb,
encode the small and large transcript of Ci-MRF, respectively
(Meedel et al., 1997; Fig. S1). Initial studies with either plasmid
resulted in embryos with severely abnormal tails (Fig. 1A and B).
This effect was similar to, though more pronounced than what
was observed when Macho-1 was expressed in the notochord
(Kugler et al., 2010) and indicates that muscle gene regulatory
factors may interfere with notochord gene expression, or that
Fig. 2. Ci-MRF activity in the notochord elicits expression of markers of terminally
differentiated muscle. (A) Expression of TnI, MHC, SMYD-1, TPM2, MRLC, and actin
in the notochord of embryos electroporated with pTCiMRFa and pTCiMRFb.
Results are indicated as percentages of the total number of embryos in all
experiments that misexpress a given muscle marker. All muscle markers listed
above showed a signiﬁcant level of expression in the notochord when compared to
control (pTLacZ) embryos (po0.01). Error bars represent standard deviation.
Neither pTCiMRFa nor pTCiMRFb elicited the expression of Ache, CKM, MLC, or
TnT in this assay. (B) The expression of TnI in 64-cell cleavage arrested embryos
electroporated with pTLacZ, pTCiMRFa and pTCiMRFb. pTLacZ electroporated
embryos express TnI only in the primary muscle lineage. pTCiMRFa and pTCiMRFb
electroporated embryos express TnI in the primary muscle and primary notochord
lineages. Scale bar is 50 mm.
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notochord development. Because this effect limited our ability to
distinguish between the muscle and notochord lineages, we
blocked cell division at the 64-cell stage with cytochalasin B,
and assayed myogenesis in the resulting embryos several hours
later by in situ hybridization. Such an approach is possible because
ascidian embryos undergo tissue-speciﬁc differentiation when
cleavage-arrested (Whittaker, 1973; Crowther and Whittaker,
1986), and their highly stereotypical and invariant pattern of cell
division makes it possible to distinguish the muscle and notochord
lineages in cleaving embryos (Nishida, 1987; Fig. 1C). Fig. 1D
illustrates the utility of this method. The notochord and muscle
lineages are easily distinguished in this embryo, and muscle
differentiation clearly took place under these conditions. We note,
however, that the use of cleavage arrest in this assay allowed us to
detect muscle gene expression only in the A-line notochord line-
age, which gives rise to 32 of the 40 notochord cells, but not in the
B-line notochord cells because their proximity to the muscle
lineage prevented their unambiguous identiﬁcation after cleavage
arrest (Fig. 1C).
The ability of Ci-MRF to elicit myogenesis in the notochord of
electroporated embryos was assessed by in situ hybridization
using nine different muscle-speciﬁc probes and by using a
histochemical assay to detect the activity of acetylcholinesterase.
Transcripts encoding actin, TnI, TPM2, MHC, MRLC, and SMYD-1
were detected in the notochord lineage of embryos electroporated
with either pTCiMRFa or pTCiMRFb; no transcripts encoding CKM,
MLC, or TnT were detected in the notochord in these experiments
nor was there any evidence of acetylcholinesterase activity in the
notochord (Table 1; Table S1; Fig. 2). Although pTCiMRFa and
pTCiMRFb encode proteins that differ in a motif of known
functional importance in vertebrate MRFs (i.e., Helix III), no
signiﬁcant differences were noted in the ability of the two
plasmids to elicit the expression of these muscle markers.
Four of the markers we studied (actin, MHC, MLC, and MRLC)
are members of highly conserved gene families in Ciona (Chiba
et al., 2003), which raises the possibility that our probes recog-
nized transcripts produced by multiple members of each of these
gene families. Indeed, we expect that this is the case because the
probes we used contained a substantial portion of the coding
region of MHC, and essentially the entire coding regions of actin,
MLC and MRLC. For convenience we will use the terms actin,MHC,
MLC, and MRLC when referring to these four multi-gene families;
later we will discuss how their inclusion in this study affects our
interpretation of the mechanisms by which Ci-MRF regulates
muscle gene expression. Multiple tropomyosin genes also exist inTable 1
Muscle genes assayed.
Gene/gene family Abbreviation Fea
Actin Actin Th
Myosin heavy chain MHC Th
Myosin regulatory light chain MRLC Th
SET-MYND domain SMYD-1 Ge
Tropomyosin 2 TPM2 Th
Troponin I TnI Th
Acetylcholinesterase Ache Ch
Creatine kinase CKM Me
Myosin (alkali) Light chain MLC Th
Troponin T TnT Th
n Clone ID refers to the cDNA clone that was used for preparing probes for in situ hyb
when Ci-MRF was expressed in that lineage; transcripts of the four genes in regular ty
y SMYD-1 also appears to play a role in sarcomere assembly (Li et al., 2011). No clon
for pcTp2 (MacLean et al., 1997) all clones were obtained from the National Institute oCiona but they do not show the same high degree of conservation
as the actin,MHC,MLC, andMRLC gene families (Chiba et al., 2003).
In addition, genomic blots under reduced stringency conditions
using probes complementary to the entire coding sequence of
TPM1 (which is the tropomyosin whose sequence is the most
similar to TPM2) failed to detect the existence of any other
tropomyosin genes (Meedel and Hastings, 1993). Thus, we are
conﬁdent that the TPM2 probe we used does not recognize
transcripts of any other tropomyosin gene. The other ﬁve genes
used as markers of muscle development (Ache, CKM, SMYD-1,
TnI and TnT) are not members of multigene families.ture Clone IDn Accession no.
in ﬁlament Citb095F03 XM_002126220
ick ﬁlament Cilv003k12 AK115565.1
ick ﬁlament Citb104p01 AK116716.1
ne regulatoryy Citb009d08 AK112854.1
in ﬁlament Cilv034e06 AK174927.1
in ﬁlament pcTp2 U55261
olinergic NC NM_001128877
tabolic Citb072f10 NW_001955200
ick ﬁlament Cilv022011 AK174821.1
in ﬁlament Citb012e12 NW_001955435
ridization. Transcripts of the six genes in bold type were detected in the notochord
pe were not detected in the notochord under those conditions.
e (NC) was used for Ache, which was assayed using a histochemical method. Except
f Genetics of Japan.
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The experiments described above indicate that Helix III is not
required for the functional activity of Ci-MRF in our assay, at least
for regulating the activity of the genes we examined. This result
was not unexpected considering the studies of Berkes et al. (2004)
who showed that the expression of many MyoD-regulated genes
is controlled independently of both Helix III and the C/H domain.
In order to examine the role of the C/H domain in Ci-MRF,
we created mutant plasmids in which its entire coding sequence
was deleted. This resulted in a plasmid lacking the sequences
encoding the C/H domain and Helix III (pTCiMRFaDCH), and in a
plasmid that was missing only the sequence encoding the C/H
domain (pTCiMRFbDCH). It should be noted that pTCiMRFaDCH
encodes a protein that lacks not only the C/H domain and Helix III
but also a 54 amino acid region that begins 75 amino acids
downstream of the b-hlh domain and extends to Helix III. While
we cannot exclude the possibility that this region is critical for
Ci-MRF function, the observation that its absence from pTCiMRFa
did not impair the myogenicity of this plasmid relative to
pTCiMRFb argues against this possibility.
pTCiMRFbDCH elicited ectopic expression of all six of the
muscle markers that we tested at levels similar to pTCiMRFb;
conversely, the ability of pTCiMRFaDCH to elicit ectopic muscle
gene expression was signiﬁcantly lower than pTCiMRFa for all
genes tested (Fig. 3; Table S2). Interestingly, we identiﬁed no gene
in this study whose expression was directed by Ci-MRF for which
the C/H domain and Helix III were required independently. The
presence of the C/H domain in the absence of Helix III elicited
target gene expression; similarly, the presence of Helix III in the
absence of the C/H domain drove target gene expression. Only
when both domains were absent did we see an effect on the
ability of Ci-MRF protein to direct muscle gene expression, andFig. 3. Effect of DC/H mutation on myogenicity of Ci-MRF. Panel A (left): DC/H mutant
signiﬁcantly lower than wild type CiMRFa (single bar denotes po0.05, double bar deno
transcripts of CiMRFb drove the expression of all six muscle markers in the notoc
electroporated with wild type CiMRFb. Error bars represent standard deviation. Panel B
with the designated plasmid. Panel B (right): In situ hybridization showing SMYD-1 e
50 mm.in all cases this ability was reduced as compared to wild-type
Ci-MRF, but not eliminated.
The Ala–Thr dipeptide of the basic region is essential for normal
CiMRF activity
All proteins encoded by MRF genes have an alanine and a
threonine at positions 13 and 14 of their basic domains, respec-
tively; although many b-hlh proteins contain an alanine at
position 13, only MRFs have alanine and threonine residues at
these positions (Olson and Klein, 1994; Mu¨ller et al., 2003).
Moreover, the Ala–Thr dipeptide was shown to be critical for
the myogenic activity of vertebrate MRFs, hence it has been
referred to as the ‘‘myogenic code’’ (Brennan et al., 1991; Davis
and Weintraub, 1992; Heidt et al., 2007). In order to test the
role of this dipeptide in Ciona myogenesis, we mutated the
sequence encoding it to a sequence encoding an asparagine
dipeptide in pTCiMRFa and pTCiMRFb to create pTCiMRFaNN
and pTCiMRFbNN, respectively. This particular mutation was
chosen because an asparagine dipeptide occurs at the correspond-
ing position of the basic domain of related, but non-myogenic
b-hlh proteins such as E12 and E47 (Murre et al., 1989). The
ability of mutated and un-mutated plasmids to direct myogenesis
was then compared as described above, using the six muscle
markers that were expressed in the notochord lineage of embryos
electroporated with pTCiMRFa or pTCiMRFb.
Mutating the Ala–Thr dipeptide eliminated the ability of both
pTCiMRFa and pTCiMRFb to elicit the expression of actin, SMYD-1,
and TPM2 in the notochord lineage. Both mutant plasmids
directed expression of MHC, MRLC, and TnI in the notochord, but
in signiﬁcantly fewer embryos than the un-mutated plasmids
(Fig. 4; Table S3). These ﬁndings support the idea that the Ala–Thr
dipeptide of the basic domain is a crucial feature of Ci-MRF,CiMRFa drove the expression of all six muscle markers in the notochord at levels
tes po0.01). Error bars represent standard deviation. Panel A (right): DC/H mutant
hord in embryos at levels that were not signiﬁcantly different from embryos
(left): In situ hybridization showing TPM2 expression in embryos electroporated
xpression in embryos electroporated with the designated plasmid. Scale bars are
Fig. 4. Effect of mutating the myogenic code on Ci-MRF activity. Panel A: Myogenic code mutants drove MHC, MRLC and TnI expression in the notochord at levels
signiﬁcantly lower than wild type Ci-MRF (single bar denotes po0.05, double bar denotes po0.01). Neither myogenic code mutant elicited the expression of TPM2,
SMYD-1 or actin in the notochord (data not shown). Error bars represent standard deviation. Panel B (left): In situ hybridization showing MHC expression in embryos
electroporated with the designated plasmid. Panel B (right): In situ hybridization showing MRLC expression in embryos electroporated with the designated plasmid.
For both pTCiMRFaNN and pTCiMRFbNN examples of embryos that misexpressed the given marker and did not misexpress the given marker are shown. Scale bars
are 50 mm.
Fig. 5. TnI Reporter activity requires an intact E-box. (A) Diagram illustrating the location of an essential E-box and its mutated counterpart (both shown in bold) in the
two TnI reporter plasmids. Arrow indicates the position of the normal translation start site. (B) and (C) Expression of b-galactosidase in early tail formation stage embryos
electroporated with CiTnI500nZ and CiTnI500EboxSDMnZ, respectively. Scale bars are 500 mm. (D) and (E) Activity of b-galactosidase in cleavage-arrested embryos
co-electroporated with CiTnI500nZ and pTCiMRFb. (F) Activity of b-galactosidase in a cleavage-arrested embryo co-electroporated with CiTnI500nZ and pSP72. (G)
Example of an embryo co-electroporated with CiTnI500EboxSDMnZ and pTCiMRFb showing no b-galactosidase activity. Scale bars in D–G are 50 mm.
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Table 2
LacZ expression in co-electroporated embryos.
CiTnI500nZ pTCiMRFb CiTnI500nZ pSP72 CiTnI500EBoxSDMnZ pTCiMRFb CiTnI500EBMnZ pSP72
Exp. 1
# E 64 119 X 91
# NoE 5 (8%) 22 (18%) X 78 (86%)
# MisEN 23 (36%) 0 (0)% X 0 (0%)
# EC/E 4.4072.42 1.7571.28 X 0.1470.35
Exp. 2
# E 54 92 71 X
# NoE 6 (11%) 58 (63%) 70 (99%) X
# MisEN 20 (37%) 0 (0%) 0 (0%) X
# EC/E 3.5072.45 0.5070.75 0.0170.12 X
Exp. 3
# E 69 X 118 X
# NoE 4 (6%) X 91 (77%) X
# MisEN 38 (55%) X 0 (0%) X
# EC/E 6.7573.86 X 0.2970.60 X
Plasmid combinations that were co-electroporated into embryos are shown at the top. Numbers in parenthesis indicate
the percentage of embryos in a given category relative to the number of embryos examined. Abbreviations used are:
# E (number of embryos examined); # NoE (number of embryos not expressing LacZ); # MisEN (number of embryos
expressing LacZ in the notochord); # EC/E (mean number of cells expressing LacZ per embryo), and ‘‘X’’ (not done).
S.A. Izzi et al. / Developmental Biology 376 (2013) 213–223 219thereby providing the ﬁrst experimental evidence that the myo-
genic code is a valid concept that extends at least to an
invertebrate chordate. Our ﬁndings also indicate that the impor-
tance of the Ala–Thr dipeptide differs among the genes regulated
by Ci-MRF.
An upstream E-box is essential for CiMRF-directed expression
of Ci-TnI
Previous studies demonstrating the importance of E-boxes for
expression of muscle genes in Ciona (Johnson et al., 2004; Brown
et al., 2007) and our demonstration that Ci-MRF plays a crucial
role this process (Meedel et al., 2002; 2007; this communication)
are consistent with the possibility that CiMRF functions, at least
in part, to directly activate muscle target genes. We investigated
this possibility by doing a series of co-electroporation experi-
ments in which either pTCiMRFb or its parental plasmid, pSP72,
was electroporated into embryos together with one of two Ci-TnI
LacZ reporter plasmids. Both reporters contained Ci-TnI sequence
extending from 335 to 836 base pairs upstream of the translation
start site (i.e., 836 to 335) and were identical except that
CiTnI500nZ had a wild-type E-box at nucleotides 812 to 807,
and CiTnI500EboxSDMnZ had a mutated E-box at this site (Fig. 5A).
CiTnI500nZ-electroporated embryos exhibited robust reporter
gene activity in embryonic muscle (Khare et al., 2011; Fig. 5B),
whereas CiTnI500EboxSDMnZ-electroporated embryos showed
signiﬁcantly lower levels of reporter activity (Fig. 5C). These
results demonstrate that the E-box at 812/807 is critical for
the expression of Ci-TnI. We then compared the ability of
pTCiMRFb and pSP72 to drive expression of CiTnI500nZ, and
found that only pTCiMRFb was able to elicit CiTnI500nZ expres-
sion in the notochord (Fig. 5D–F; Table 2). Consistent with this
ﬁnding, the number of b-galactosidase positive cells was also
higher in pTCiMRFb electroporated embryos than in those elec-
troporated with pSP72 (Table 2). In addition, the percentage of
embryos expressing LacZ was signiﬁcantly higher in embryos
electroporated with pTCiMRFb than in those electroporated with
pSP72. A likely explanation of this result is that pTCiMRFb
directed the expression of LacZ in the notochord of embryos that
did not express this gene in muscle. These results show that
CiMRF was necessary for the expression of the TnI reporter.
Finally, we examined the effect of pTCiMRFb on the activity of
CiTnI500EboxSDMnZ and found no embryos expressing LacZ inthe notochord (Fig. 5G; Table 2). Collectively, these ﬁndings
demonstrate that an intact E-box is required for CiMRF-directed
expression of the TnI reporter and they support our claim that
CiMRF acts directly on the E-box at 812/807 rather than
functioning indirectly by, for example, stimulating the expression
of another transcription factor that then targets Ci-TnI.Discussion
Muscle gene activity in response to Ci-MRF expression
in the notochord
Six of the ten muscle markers we tested were expressed in the
notochord when Ci-MRF was active in that tissue. The genes that
were misexpressed represented a spectrum of features associated
with the terminal muscle phenotype including a transcription
factor involved in gene regulation and thin and thick ﬁlament
proteins of the contractile apparatus. The ability of Ci-MRF to
positively regulate myoﬁbrillar protein expression is consistent
with the absence of contractile structures in the muscle cells of
Ci-MRF knockdown embryos (Meedel et al., 2007).
Some, if not all, of the muscle-speciﬁc genes that were
expressed in the notochord assay are probably directly regulated
by Ci-MRF. The best evidence of this was provided by co-
electroporation experiments showing that Ci-MRF directed TnI
expression depends on a GC-core E-box upstream of the TnI
translation start site. SMYD-1 may also be a direct target of
Ci-MRF since together with TnI it was routinely the most highly
misexpressed gene examined in this study and it was associated
with CiMRF in CHIP assays (as was TnI; Kubo et al., 2010).
Although the presence of functional E-boxes in its upstream
regulatory region has not been investigated, SMYD-1 does possess
a GC-core E-box at base pairs 838/833 (unpublished observa-
tion). No essential E-box was found in TPM2 (Brown et al., 2007),
but TPM2 was associated with CiMRF in CHIP assays (Kubo et al.,
2010), consistent with it being a direct Ci-MRF target. We
speculate that TPM-2 may be regulated by Ci-MRF through
interaction with an undiscovered E-box, or through binding to
guanine-rich tetraplex structures (Etzioni et al., 2005; Shklover
et al., 2007). Conversely CiMRF may not directly bind with TPM-2
DNA, but may elicit its expression more indirectly through
interacting with other chromatin-associated factors. Interpreting
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MHC, and MRLC is complicated because our probes undoubtedly
recognize multiple members of each of these families, which may
be regulated by different mechanisms (e.g., Kusakabe et al., 1995;
2004 and Brown et al., 2007). However, some members of the
MRLC and actin gene families are known to contain GC-core
E-boxes important for their expression (Johnson et al., 2004;
Brown et al., 2007), and many were associated with CiMRF in
CHIP assays (Kubo et al., 2010) as were several members of the
MHC family, which have not been tested for the presence of
functional E-boxes. Therefore, it is likely that at least some
members of these gene families are direct targets of Ci-MRF.
Four of the markers we examined, Ache, CKM, MLC, and TnT
were not expressed in the notochord, although this does not mean
that none of them is a target of Ci-MRF. For example, at least two
MLC genes were associated with CiMRF in CHIP assays (Kubo et al.,
2010) and some family members were shown to have E-boxes that
confer a low level of activity on the genes (Brown et al., 2007). Ache
was not examined by Brown et al. (2007) nor was it associated
with CiMRF in CHIP assays (Kubo et al., 2010), but in a previous
study both Ache activity and MLC family transcripts occurred
ectopically in embryos injected with Ci-MRF mRNA indicating that
they are positively regulated by Ci-MRF (Meedel et al., 2007). We
suspect that the results obtained with Ache and MLC in the present
study were due to our inability to assess myogenesis in the B-line
notochord, which seems to be more readily transformed to muscle
than A-line notochord (Meedel et al., 2007). Notably, of the four
genes/gene families that were ectopically expressed in embryos
reared from eggs injected with Ci-MRF mRNA two were expressed
in the current study in the A-line notochord (actin and TnI) and two
were not (Ache and MLC) demonstrating that there are complex
and variable requirements for the expression of these markers that
are met for the former pair but not the latter pair when Ci-MRF is
expressed in the A-line notochord.
CKM is probably not regulated by Ci-MRF as no functioning
E-boxes were found in its promoter, which did contain Tbx6 binding
motifs necessary for activity (Brown et al., 2007), and it was not
associated with CiMRF in CHIP assays (Kubo et al., 2010). Functioning
E-boxes were not found in TnT either (Brown et al., 2007) but it was
associated with CiMRF in CHIP assays, indicating that if it is regulated
by Ci-MRF the conditions necessary for its expression in the A-line
notochord are not met by expressing Ci-MRF in those cells. Table 3Table 3
Characteristics of muscle genes assayed.
Gene/gene family CHIP assay Functional E-box detected
Actin þ þ
MHC þ X
MRLC þ þ
SMYD1 þ X
TPM2 þ 
TnI þ þ
Ache  X
CKM  
MLC þ þ
TnT þ 
Transcripts of the six genes/gene families in bold type were detected in the
notochord when Ci-MRF was expressed in that lineage; transcripts of the four
genes/gene families in regular type were not detected in the notochord under
those conditions. CHIP assay data are from Kubo et al., 2010; ‘‘þ ’’ signiﬁes an
association of CiMRF with chromatin of the indicated gene and ‘‘ ’’ signiﬁes
no association of CiMRF with chromatin of the indicated gene. E-box data are
from Brown et al. (2007); ‘‘þ ’’ signiﬁes the presence of at least one E-box that
is important for expression, ‘‘ ’’ signiﬁes that no E-box important for expres-
sion was found and ‘‘X’’ signiﬁes that no member of in the indicated gene/gene
family was examined.summarizes the results of the Brown et al. (2007) and Kubo et al.
(2010) studies.
A requirement for the C/H domain or Helix III
The C/H domain and Helix III of vertebrate MyoD have been
implicated in initiating muscle gene expression through their
ability to remodel the chromatin of target genes (Gerber et al.,
1997; Bergstrom and Tapscott, 2001). Berkes et al. (2004) found
that mutating either element of MyoD individually affected a
group of genes that was similar to the genes affected by mutating
both simultaneously, indicating that the majority of the genes
that rely on these elements of MyoD for their expression require
both independently. In contrast, our analysis of Ci-MRF indicated
that muscle gene expression was not typically affected when the
C/H domain or Helix III were individually deleted, but was always
affected when both were deleted concurrently. Because expres-
sion of the majority of the Ci-MRF-regulated genes that we
studied was satisﬁed by the presence of either the C/H domain
or Helix III we suggest that these two elements are likely to have
roles in ascidian myogenesis that overlap to some degree. Such
redundancy was not noted in MyoD indicating that the C/H
domain and Helix III have evolved distinct functions in this
vertebrate MRF (Berkes et al., 2004). Precedents exist for evolu-
tionary changes in these motifs. For example, hlh-1 the MRF of
C. elegans does not encode a C/H domain motif (Krause et al.,
1990); in addition, replacing Helix III of MyoD with Helix III of
myogenin disrupts the function of the resulting protein demon-
strating that this motif has distinct roles in these two MRFs
(Bergstrom and Tapscott, 2001). Evolutionary conservation has
also been documented in Helix III since substituting this motif in
MyoD with Helix III from the MRFs of C. elegans, Drosophila, or S.
purpuratus (Fig. S2) does not impair the ability of the resulting
proteins to initiate gene expression (Bergstrom and Tapscott,
2001). Similar motif swapping experiments between vertebrate
MRFs and CiMRF could be done to assess potential evolutionary
changes in the roles of the C/H domain and Helix III in the
chordates.
Our study also reveals a much more signiﬁcant role for the C/H
domain and Helix III in CiMRF than did the study of Berkes et al.
(2004) for mouse MyoD. All six markers that were positively
regulated by Ci-MRF were affected by mutating these two ele-
ments, whereas only 16 of 109 genes that were regulated by
MyoDwere affected by such mutations. It is unlikely that studying
more genes would alter this trend; instead it seems that func-
tional changes have occurred in these elements. Of the two motifs
the sequence of Helix III is much more similar in CiMRF and MyoD
than is the C/H domain (Fig. S2) indicating that its function may
be less diverged, a possibility that is supported by the Helix III
swapping studies of Bergstrom and Tapscott (2001).
The myogenic code is critical for Ci-MRF activity
Mutation of the myogenic code of vertebrate MyoD results in
decreased binding to DNA due to a combination of reduced ability
to dimerize, reduced afﬁnity for the E-boxes of target genes, and
increased off rate from DNA (Heidt et al., 2007). These authors also
concluded that the myogenic code of MyoD is necessary for
efﬁcient binding to canonical E-boxes (i.e., CANNTG) and that it
is essential for binding to non-canonical E-boxes (e.g., CAACAGCTT)
of genes such as myogenin whose myogenic code has also been
shown to be important for its activity (Brennan et al., 1991).
Despite its conservation in MRFs from worms to vertebrates and
its importance as a determinant of myogenic speciﬁcity in verte-
brate MRFs, a role for the myogenic code in muscle development
has previously not been demonstrated in any invertebrate.
Table 4
Summary of responses to Ci-MRF mutations.
Class Mutation
Gene/gene family CiMRFaNN CiMRFbNN CiMRFaDCH CiMRFbDCH
I
8><
>:
Actin / / þ/ þ/þ
SMYD1* / / þ/ þ/þ
TPM2* / / þ/ þ/þ
8><
>:
MHC þ/ þ/ þ/ þ/þ
II MRLC þ/ þ/ þ/ þ/þ
TnI* þ/ þ/ þ/ þ/þ
III
(
Ache* X X X X
MLC X X X X
Data show the effects of each Ci-MRFmutation versus the corresponding un-mutated version of Ci-MRF; for example the column headed CiMRFaNN compares the response
of the indicated gene or gene family in embryos electroporated with pTCiMRFaNN to its response in embryos electroporated with pTCiMRFa; in the case of actin, mutating
the myogenic code eliminated its expression. Classes correspond to the three groups of Ci-MRF-regulated genes whose properties are further described in the text. Single
copy genes are denoted with an *. Note that the genes in Class III did not respond to Ci-MRF in this assay, so the effects of these mutations were not determined as indicated
by ‘‘X’’. Other symbols: / , expression eliminated; þ/ statistically signiﬁcant reduction of expression; þ/þ , no statistically signiﬁcant effect on expression.
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Ci-MRF to function normally, although its role differs among the
markers examined (Table 4). This difference is most easily
interpreted when comparing the response of single copy genes
such as TnI and SMYD-1 to mutating the myogenic code, which
decreased the activity of the former gene and eliminated the
activity of the latter. The presence of an essential canonical E-box
in TnI (Brown et al., 2007; this study) is consistent with the
interpretation that in CiMRF, as in MyoD, the myogenic code is
required for efﬁcient binding to canonical E-boxes, so that its
mutation would be expected to reduce transcriptional output as
we observed. The role of E-boxes in SMYD-1 expression has not
been examined, but as noted earlier, a GC-core E-box does exist in
this gene at approximately the same position as the E-box that is
essential for TnI expression. Possible explanations for the different
responses of TnI and SMYD-1 to mutating the myogenic code
include: (1) the GC-core E-box identiﬁed in SMYD-1 may not be
important for its expression, but a noncanonical E-box may be;
(2) sequences near E-boxes may differentially modify their
response to CiMRF (Yutzey and Konieczny, 1992; Fisher and
Goding, 1992); (3) the types of trans-regulatory factors associated
with the two genes may modify their responses to CiMRF in
different ways (Molkentin et al., 1995; Groisman et al., 1996;
Berkes et al., 2004; Albini and Puri, 2010; Liu et al., 2010;
Delgado-Olguı´n et al., 2011); (4) or some combination of the
latter two explanations.
TPM2 expression was eliminated when we mutated the CiMRF
myogenic code. This result was somewhat surprising because
Brown et al. (2007) did not ﬁnd any E-boxes necessary for TPM-2
activity but they did identify other transcription factor binding
sites that conferred signiﬁcant activity to the gene. Several
possible explanations exist for this result, three of which we
mentioned above when discussing how Ci-MRF may regulate
TPM-2 expression (see the section ‘‘Muscle gene activity in
response to Ci-MRF expression in the notochord’’). Here we offer
the additional possibility that the myogenic code may also
function to confer an appropriate conformation on MRFs that is
necessary for their interaction with other regulators of muscle
gene transcription as suggested elsewhere (Heidt et al., 2007).
Expression of the MRLC marker was reduced when the myo-
genic code was mutated. At least some members of the MRLC
family possess functionally important GC-core E-boxes (Brown
et al., 2007), which is consistent with the possibility that the
myogenic code of Ci-MRF is necessary for efﬁcient binding to
canonical E-boxes of MRLC genes. However, we cannot rule outother possibilities such as that mutating the myogenic code of
CiMRF eliminated the expression of some MRLC genes, while
having little or no effect on other genes of this family. At least
some members of the actin gene family also contain functional
GC-core E-boxes (Brown et al., 2007), but in this case mutating
the myogenic code eliminated the expression of this marker. We
suggest that this result may indicate a relatively weak interaction
of CiMRF with E-boxes of actin family members that it regulates
and that this interaction is particularly sensitive to mutating the
myogenic code. The cis-regulatory regions of MHC genes have not
been evaluated, so speculating on roles that the myogenic code
may play in their expression is premature. In summary, while our
results do not address the precise mechanism by which the
myogenic code of Ci-MRF functions, they do provide clear evi-
dence for its critical importance during Cionamyogenesis, the ﬁrst
time this has been demonstrated in any animal other than a
vertebrate.
Multiple classes of Ci-MRF regulated genes in Ciona
Our studies reveal the existence of three classes of Ci-MRF-
regulated genes in Ciona. Genes in Classes I and II are distin-
guished by the degree of their response to mutation of the
myogenic code and genes in Class III by their lack of expression
in the notochord assay (Table 4). Notably, each of the classes of
genes that we identiﬁed contains at least one single copy gene
(Table 4). Thus, inclusion of multi-gene families in our study does
not alter the conclusion that three distinct classes of MRF-
regulated genes exist in Ciona. Indeed, because individual mem-
bers of multi-gene families in ascidians, including actin and MRLC,
are known to be regulated by distinct mechanisms (e.g., Kusakabe
et al., 1995, 2004; Brown et al., 2007), it is likely that the number
of MRF-regulated classes in Ciona will exceed the three we have
identiﬁed, and that modiﬁcations will be necessary to the classi-
ﬁcation system shown in Table 4. Nevertheless, our results
indicate a degree of muscle gene regulatory pathway complexity
in ascidians that is reminiscent of that seen in vertebrates.
Evolution of MRF regulated myogenesis
A variety of different approaches including studies using
transfected mammalian cells (e.g., Yutzey et al., 1990; Krause
et al., 1992; Venuti et al., 1991) and in vivo rescue of null
mutations (Zhang et al., 1999) are consistent with idea that
MRF function is evolutionarily conserved. The present study adds
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establishing that the myogenic code dipeptide, the C/H domain,
and Helix III are crucial for myogenic activity of Ci-MRF, as they
are for vertebrate MRFs. Two additional observations support the
idea that chordate MRFs are functionally conserved: ﬁrst, multi-
ple MRF-regulated pathways exist in both the vertebrates and in
Ciona, and second, as in the vertebrates where a direct interaction
between MRFs and E-boxes occurs to drive target gene expres-
sion, a direct interaction between CiMRF and an essential E-box
appears to be required for the expression of the muscle-speciﬁc
gene TnI. That the three motifs of Ci-MRF we examined did not
always function in precisely the same manner as do their
vertebrate counterparts was not surprising considering the vari-
ety of assays used in the different studies, the well documented
functional divergence of different vertebrate MRFs (Rawls et al.,
1995; Kablar et al., 1997; Wang and Jaenisch, 1997; Bergstrom
and Tapscott, 2001; Myer et al., 2001; Cao et al., 2006; Hinits
et al., 2009), and the Darwinian notion of ‘‘descent with modiﬁca-
tion’’. The notochord assay described here will allow us to further
compare these three motifs of the different vertebrate MRFs with
their counterparts in Ciona using a uniform set of conditions that
should mitigate these issues. The assay will also be useful for
examining questions about evolutionary relationships between
chordate MRFs and the MRFs of more distantly related metazoans.Acknowledgements
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